INTRODUCTION
As the title indicates, this field trip guide will focus on debris flows in the Interstate 70 (I-70) corridor between Floyd Hill and the Arapahoe Basin ski area in the Front Range of Colorado ( fig. 1 ). We prepared this guide to accompany a Geological Society of America field trip during the October 2002 annual meeting in Denver, Colorado. Most of the field trip stops will be at fans adjacent to I-70 where we will examine Holocene, historic, and recent debris-flow deposits. Two stops, Watrous Gulch (Stop 9, fig. 1 ) and the Arapahoe Basin ski area (Stop 10, fig. 1 ), will be made to examine debris flows triggered by a July 28, 1999 thunderstorm. This storm triggered about 480 debris flows in the field-trip area (Godt and Coe, in press) at elevations above 3,350 m (11,000 ft). Although the Arapahoe Basin ski area is not directly adjacent to I-70, we include it as a stop because it provides a rare and convenient opportunity to examine high altitude debris-flow processes and deposits.
In this guidebook, we first describe the setting of the field-trip area and then follow with a detailed road log including descriptions of each stop. Stop descriptions focus on the origins of deposits, radiocarbon dating and debris-flow recurrence intervals, debris-flow initiation processes, basin morphology, and debris-flow hazards.
SETTING Physiographic
The field-trip area is located west of Denver along I-70, which is adjacent to Clear Creek, an east-flowing, formerly glaciated, stream drainage in the Front Range of Colorado ( fig.  1 ). The upper part of the Clear Creek valley (elevations above about 2400 m) was repeatedly glaciated in Pleistocene time (Madole and others, 1998) . The most recent Pleistocene glaciers (Pinedale age) in the Clear Creek valley are estimated to have disappeared between 14,000 and 12,000 14 C yr BP (Caine, 1986, Madole and others, 1998) . The maximum extent of Pleistocene glaciation is located near the center of the field-trip area (fig. 1, Madole and others, 1998) . Above this boundary, the Clear Creek valley typically has steep walls and small and steep tributary-drainage basins. Most drainages contain glacial deposits, and talus deposits are common at the foot of steep bedrock hillslopes. The lower, non-glaciated part of the Clear Creek valley is generally characterized by moderately steep hillslopes and large and moderately steep tributary drainage basins. Below the glacial limit, Pleistocene gravels are common along the valley bottom and on hillslopes adjacent to Clear Creek. Hillslopes in both the glaciated and non-glaciated parts of the area are commonly mantled by matrix-supported colluvium. Fans are present at the mouths of tributary-drainage basins in both parts of the valley. The area is underlain predominantly by Precambrian biotitic gneiss and quartz monzonite with scattered Tertiary intrusions (Spurr and others, 1908; Lovering, 1935; Sims, 1964; Braddock, 1969; Sheridan and Marsh, 1976; Bryant and others, 1981; Widmann and others, 2000; Widmann and Miersemann, 2001 ) with associated hydrothermal alteration and silver and gold mineralization (Harrison and Wells, 1967; Sims and Gable, 1967) . The zone of mineralization that encompasses the field-trip area extends from southwestern Colorado to the Front Range northwest of Denver, and is known as the Colorado Mineral Belt (Tweto and Sims, 1963) . Mining activity was common in the area in the late 1800s and early 1900s and numerous abandoned mines and mine dumps are present on hillslopes in the area. Tree cover in the area ranges from a Ponderosa Pine, Juniper, Douglas Fir assemblage at lower elevations, to an Englemann Spruce, Limber Pine, Subalpine Fir assemblage at higher elevations. Tree line is at an elevation of about 3,500 m (~11,480 ft). Above tree line, hillslopes are bare or are covered by alpine tundra. In general, hillslopes on the south side of I-70 (north facing) have more vegetation than hillslopes on the north side (south facing) of I-70, presumably because the difference in solar exposure results in variable soil-moisture conditions (cooler and wetter on the south side, warmer and dryer on the north side).
Interstate 70
Interstate 70 (I-70) in Colorado is the main east-west transportation route serving the Denver metropolitan area, one of the fastest growing regions of the United States. Increasing traffic associated with the growth in population has led to traffic congestion on I-70 east of the Continental Divide, along the mountainous Front Range portion of the highway that parallels Clear Creek (Fig. 1) . Desire to alleviate this congestion has motivated recent investigations into modifications of transportation infrastructure that would increase the capacity along the Front Range portion of the I-70 corridor Arndt and others, 2002) . Modifications that have been proposed include additional highway lanes, a monorail, and an additional highway tunnel under the Continental Divide (there are currently two which are jointly referred to as the Eisenhower Tunnel). Assessments of geologic hazards provide critical baseline information that can be used to evaluate the proposed infrastructure modifications within the corridor .
The presence of I-70 in the Clear Creek valley is both an advantage and disadvantage for debris-flow hazard assessments. It is an advantage because highway construction activities created cuts through many fans, either by direct excavation for installation of highway lanes, or by excavation of fan material for fill. These cuts provide subsurface exposures of fans that can be used to study debris-flow history. However, like many roads in Colorado, I-70 was aligned along the north side of the valley, presumably to take advantage of southerly exposure to quickly melt snow and ice on the highway surface. Thus, many of the fans along the north side have therefore been removed or are covered by highway fill, and information such as fan slope, area, and volume cannot be collected at these fans. However, morphometric parameters for drainage basins above these fans are easily determined from Digital Elevation Models (DEMs) and can be used to assess debris-flow potential (Coe and others, in press ).
Previous work on debris flows along I-70
Recent and historic debris flows, as well as Holocene debris-flow deposits, show that the Front Range part of the I-70 corridor is susceptible to debris-flow hazards (Soule, 1975; Hecox, 1977; Pelizza, 1978; Coe and Godt, 1997a; Coe and others, 1998; Soule, 1999; Widmann and others, 2000; Henceroth, 2000; Godt and Coe, in press; Andrew and Lovekin, 2002) . Debris flows between Floyd Hill and the Eisenhower Tunnel ( fig. 1 ) initiate in tributary drainage basins of Clear Creek and form fans at the mouths of the basins along the north and south flanks of the Clear Creek valley.
All documented recent and historic debris flows that have occurred immediately adjacent to I-70 have initiated in tributary basins above the glacial limit on the north side of the highway (Godt and Coe, in press; Coe and others, in press ). Most of these flows have been triggered by summer thunderstorms related to the flow of monsoon moisture (Adams and Comrie, 1997 ) from the south. The summer thunderstorm that triggered widespread, high-altitude debris flows in July 1999 dropped about 43 mm of rain in 4 hours, although most (35 mm) fell in two hours (Godt and Coe, in review ).
An analysis of historic and stratigraphic records of debris-flow events at 19 fans in the corridor resulted in estimates of mean recurrence intervals (the average time between debris-flow events) at the fans (Coe and others, in press ). Following methods described by Crovelli (2000) , Coe and others (in press) calculated the mean recurrence interval by dividing the period of record (length of historic or stratigraphic records) by the number of debris-flow events that occurred during the period of record. Field observations made during the same study indicated that mean recurrence intervals tended to be shortest on fans at the mouths of small and steep basins and longest on fans at the mouths of large basins with low-to-moderate relief. Following these observations, a method was developed (Coe and others, in press) to estimate the probability of future debris flows on fans along Clear Creek using a measure of drainage-basin ruggedness, called Melton's Number. Melton's number, defined as H/(A) 0.5 , where H is basin height above the fan and A is basin area above the fan (Melton,1965) , can be derived from a DEM. Basins that are small and steep have higher Melton's numbers than basins that are large and have low-to-moderate relief. A regression analysis of mean recurrence interval data and Melton's numbers from the 19 fans and corresponding basins ( fig. 2 ) yielded the equation y=19,400exp -4.67x , where y is mean recurrence interval in years and x is Melton's number. Using this equation, the mean recurrence interval for debris flows on all fans along the corridor can be estimated from the Melton's numbers of the corresponding drainage basins. Once a mean recurrence interval is estimated, the Poisson probability model (Ross, 1972) can be used to estimate the probability of future debris flows (see table 1 , and previous landslide application by Crovelli, 2000; Coe and others, 2000) . For example, according to the Poisson probability model (table 1) , a fan with a mean debrisflow recurrence interval of 200 years, would have a 0.50 percent chance of one or more debris flow events in any given year, and about a 39 percent chance in any 100-year period (see table 1 ).
The method for estimating future debris-flow probabilities has several limitations. The number of debris-flow events identified on individual fans are minimum numbers because we are confident that not all debris-flow events are documented in historic records or in the typically limited exposures of fan stratigraphy. Because the number of debris-flow events identified are minimums, the mean recurrence intervals calculated from the records are maximums, and the estimates of probability made on the basis of the mean recurrence intervals are minimums. Table 1 . Debris-flow probabilities for fans in the I-70 corridor. Probabilities calculated for a range of mean recurrence intervals (from Coe and others, in press) using the Poisson probability model, P = 1-e -t/µ , with probability (P) defined as the percent chance of one or more debris flows occurring on an individual fan during a specified time t, where µ is mean recurrence interval (from Crovelli, 2000) .
Observations of debris flows in the field-trip area that we have made since the summer of 1996 (described in Godt and Coe, in press; Coe and others, in press, Godt and Coe, in review) suggest that one of the reasons that debris flows occur frequently on fans at the mouths of basins with relatively large Melton's numbers is that they have a greater likelihood of flowing to the fan than do debris flows in basins with relatively small Melton's numbers. We suspect that if debris flows occurred with equal frequency on hillslopes in all basins, many of the debris flows in the large basins with low to moderate relief (small Melton's numbers) would deposit material at the base of hillslopes within the basins, not on fans at the mouths of basins. This would also explain why fans at basins with very small Melton's numbers (less than about 0.35, fig. 2 ) are dominated by flood events, not debris-flow events. In basins with high Melton's numbers, the base of the hillslope and the mouth of the basin are essentially the same. Debris flows in these basins simply flow down the hillslopes and are deposited on fans.
ROAD LOG
Coordinates for each stop are given in the World Geodetic System of 1984. Elevations are given in the National Geodetic Vertical Datum of 1929. Grain-size data are given on the basis of engineering soil classification (see Terzaghi and others, 1996) with size distinctions as follows: sand, 4.76 mm to 0.074 mm; silt, 0.074 mm to 0.002 mm; and clay, less than 0.002 mm. We use the term matrix when referring to the sand-through clay-sized portion of material in deposits.
Cumulative . The Clear Creek valley in the Front Range can be split into three major physiographic divisions, 1) Clear Creek Canyon, located downstream from here to Golden, 2) the non-glaciated, generally V-shaped valley upstream from here to Dumont, and 3) the glaciated, U-shaped valley located from Dumont upstream to the Continental Divide. On this trip we will examine debris-flow deposits and processes in the non-glaciated V-shaped and glaciated U-shaped parts of the valley. In general, debris flows affect fans at the mouths of tributary basins in the U-shaped part of the valley more frequently than fans in the V-shaped part of the valley. Fans with relatively high debris-flow frequencies (relatively short mean recurrence intervals) have higher estimated probabilities of future debris-flow occurrence (table 1) than fans with relatively low debris-flow frequencies (relatively long mean recurrence intervals).
Throughout the field-trip area, Clear Creek cuts predominantly Precambrian gneisses and quartz monzonites. At this first stop, the foliation of Precambrian gneiss dips about 35º towards the northwest. To the south is the Floyd Hill landslide, which is a foliation-and joint-controlled rockslide (Robinson and others, 1974 ) that moves roughly a centimeter per year towards I-70 (unpublished USGS GPS data). The Colorado Department of Transportation (CDOT) has placed concrete barriers along the south side of I-70 to prevent landslide debris from being deposited on the highway lanes. The debris piles up on the asphalt pavement behind the barriers and is periodically scraped off by CDOT.
Just to the west of this stop is USGS stream-flow monitoring station 06718300. Proceed west on U.S. Highway 6 and merge onto I-70 westbound.
5.0 Exit I-70 at Hidden Valley (exit 243). Turn left (south) at the bottom of the offramp, go under I-70, then turn right (west) on County Road 314.
5.9
Bear left as County Road 314 becomes a dirt road along Clear Creek.
6.3
Stop 2. Fan exposure near the Aggregate Industries Plant. Latitude: N 39º 44' 36.9", Longitude: W 105º 28' 37.9", Elevation: 2,256 m (7,400 ft). This fan exposure reveals sediments that we interpret to be debris-flow deposits. These deposits are generally poorly to moderately sorted, matrix supported, and contain randomly oriented clasts. Grain size analyses of the matrix of the deposits (USGS, unpublished data from 4 samples) indicates that silt-sized material makes up most of the matrix (41 to 72 percent), followed by sand-(7 to 41 percent) and clay-sized material (5 to 10 percent). Prominent, dark gray to black, buried A-soil horizons separate the debris flow deposits. Charcoal is present throughout the exposure, but most common in fine-grained deposits. Charcoal and buried A horizons tend to be most common on fans along the south side of I-70 (northfacing), presumably where solar exposure creates soil conditions that are cooler and wetter than on fans along the north side of I-70 (south-facing). The abundance of charcoal suggests a strong temporal link between forest fires and debris-flow events. Radiocarbon dating of the charcoal suggests that the exposed deposits are Holocene in age ( fig. 3 ) and that the mean recurrence interval between debris-flow events is about 1,300 years. On the basis of the mean recurrence interval, the estimated probability (percent chance) of one or more future debris flows on this fan is about 4 percent in any given 50-year period (table 1, Coe and others, in press).
The drainage-basin upslope from the fan is forested, and has moderate size and relief as indicated by a Melton's number of 0.44 (figs. 2 and 3). For tributary basins along Clear Creek, there is a negative correlation between Melton's number and the mean recurrence intervals of debris flows on fans (Coe and others, in press) . That is, fans with the shortest mean recurrence intervals tend to be at basins with the highest Meltons numbers (small and steep basins). Also, in general, mean recurrence intervals between debris-flow events on fans at the mouths of vegetated basins (such as this one) are longer than those on fans at the mouths of sparsely-vegetated basins.
Continue west on the County Road 314. 5 ). On the basis of radiocarbon dates from charcoal within the generally fine-grained A horizons, the mean recurrence interval between debris-flow events is about 1,700 years. On the basis of the mean recurrence interval, the estimated probability (percent chance) of one or more future debris flows on the fan is about 3 percent in any given 50-year period (table 1, Coe and others, in press).
The drainage-basin upslope from the fan is forested, and has moderate size and relief as indicated by a Melton's number of 0.50 (figs. 2 and 5). This basin has morphologic and vegetation characteristics that are very similar to those of the basin at Stop 2 ( fig. 3 ). The recurrence interval of debris-flow events and estimated probability of future debris flows are also very similar.
The maximum extent of Pleistocene glaciation lies about 1 km east of this stop.
As we proceed to the next stop, the valley walls and tributary basins of Clear Creek become steeper and the valley floor becomes wider. (Madole and others, 1998) . The deposit at this exposure is poorly sorted, matrix supported, contains sub-rounded to rounded clasts, and has a poorly developed soil formed at the surface.
Proceed west on County Road 306. Debris flows in this area initiate as water-dominated flows in steep bedrock channels ( fig. 6 ). When these water-dominated flows cross the talus fan at the base of the steep bedrock slope, they erode and mobilze debris from the talus fan. That is, the concentrated flow of water impacts and mobilizes debris and deposits it on I-70. This type of debris-flow initiation has been described by Fryxell and Horberg (1943) and Curry (1966) , and was termed the "firehose effect" by Johnson and Rodine (1984) . Much of the mobilzed debris comes from the oversteepened, cut slope portion of the talus fan directly adjacent to I-70 ( fig. 6e) . In order to minimize the amount of material mobilzed from the cut slope part of the talus fans, CDOT has installed concrete linings in cut-slope channels along the most active debris-flow paths (figs. 6a and 6f). Observations of the amount of material deposited on I-70 during the July 13 storm suggest that these concrete linings are effective in reducing the amount of debris eroded and mobilized from the cut slope during rainstorms (compare figs. 6e and 6f).
Continue west on County Road 306 towards Georgetown. We have stopped on a large fan along an east-facing slope overlooking Georgetown. On the west-side of I-70, houses have been built on fans at the mouths of steep drainages. The channels above these fans contain abundant loose material capable of generating debris flows. For the fan directly across from us ( fig. 7) , radiocarbon dating of charcoal from fan deposits (Coe and others, in press) suggests that the mean recurrence interval between debris-flow events is about 700 years. The probability of future debris-flow events is about 7 percent in any given 50-year period. The Melton's number of the drainage basin upslope from the fan is 0.91.
Georgetown
Debris-flow channels to our left (north) and right (south) are very active. On average, debris flows in these channels deposit debris on the fans and highway about once every 7 years or less. Spectacular debris-flow levees are present along the some of the channels. As at stop 5, the debris flows are rather unusual in that they do not originate from landslide source areas, but rather acquire material from hillslope and channel erosion (by fire hose processes and progressive rilling).
Progressive rilling is the concentration of overland flow that mobilizes loose sediment primarily at knickpoints and plunge pools (Horton, 1945; Johnson and Rodine, 1984; Cannon and others, in press ).
The heads of the fans near this stop are also susceptible to rockfall hazards as evidenced by numerous rock-fall deposits. Just to the left of the fan directly across from us, and directly upslope from recently built condominiums, a fresh rockfall source area and deposit are visible. To the southwest, along the Georgetown Incline portion of I-70, lies one of the worst rockfall-hazard sites in Colorado. Several fatalities from rockfall have occurred along this portion of I-70, with the most recent occurring on May 16, 1999.
Proceed northeast along the dirt frontage road. The debris-flow that deposited this small fan has characteristics that are typical of debris flows in the area along the north side of I-70 between Empire and Georgetown. That is, it traveled a short distance (less than 1 km) and deposited a volume of material less than 1000 m 3 . The fan deposit is matrix supported, poorly sorted, and contains randomly oriented clasts ( fig. 8) . Grainsize analysis of a similar deposit (at the same location) that resulted from the July 28, 1999 storm (USGS, unpublished data) indicated that sand-sized material makes up most of the matrix (74 percent), followed by silt-(21 percent), and clay-sized material (5 percent). Unlike some of the other debris-flow channels in the area, this channel has matrix-supported levees that seemingly receive fresh material with each debris-flow event (for example, see fig. 8c ).
The basin is also typical for the area; it is small and steep, sparsely vegetated, and has bedrock slopes in its upper half and a fan apron in its lower half. This basin has a Melton's number of 1.75 ( fig. 2 ). Debris flows in the basin initiate by progressive rilling and fire hose processes. Because the basin is so small and steep (relatively large Melton's number), debris flows that initiate within the basin have a greater likelihood of flowing to the fan at the mouth of the basin than do debris flows that initiate in very large basins with moderate relief (relatively small Melton's numbers, for example see basins in figs. 3, 4, and 5). The estimated probability of future debris-flow events on the fan is greater than 99 percent in any given 50-year period. fig. 9c ) at the mouth of the Gulch. At least one of the debris-flow events buried buildings in the small town of Brownville, located on and near the fan. All of the documented debris-flow events occurred in the month of June and were apparently triggered by snowmelt. Part of a Silver Standard article from June 25, 1892 mentions the " first really warm day" of spring followed by a "rapid rise of water" in creeks. An examination of the Seven-Thirty mine dump in October 2002 ( fig. 10 ) revealed that a large part of the dump is still present (figs. 10a and 10b) and that it lies adjacent to the channel ( fig. 10c) . Presumably, when the debris flows occurred in the late 1800s and early 1900s, the dump was closer to, or covered part of the channel. Thus, the high volume of runoff from snowmelt eroded the edge of the dump and caused it to fail into the channel and contribute debris to the runoff. The dump could still contribute debris to the channel if it failed as a landslide, however, because the dump is now located farther from the edge of the active channel, it appears that "normal" spring runoff would no longer erode the edge of the dump and be the cause for such a landslide failure. Modern debris flows in Brown Gulch would most likely be triggered by intense or prolonged rainfall. On July 28, 1999, about 480 alpine debris flows were triggered by an afternoon thunderstorm along and near the Continental Divide in Clear Creek and Summit Counties (Godt and Coe, in press; Godt and Coe, in review) . The thunderstorm dropped about 43 mm of rain in 4 hours, most of which (35 mm) fell in the first two hours. Field observations of debris-flow source areas indicate that the debris flows were initiated by three processes (Godt and Coe, in review) . The first process, the fire-hose effect, occurred where overland flow, concentrated in steep bedrock-lined channels, impacted and mobilized debris from talus deposits and the heads of debris fans. The second process was the mobilization of material eroded from steep non-vegetated hillslopes by a system of coalescing rills. The third process was the initiation of debris flows from shallow landslides (commonly called soil slips, Campbell, 1975) on steep tundra-covered slopes.
Several debris flows triggered by the storm affected I-70, U.S. Highway 6, and the Arapahoe Basin ski area. One debris flow (which is the primary subject of this stop) initiated on the south flank of Mount Parnassus (above us to the north at this stop, fig. 11 ), traveled 2.5 km down Watrous Gulch, and deposited about 26,400 m 3 of debris on I-70 (Al Chleborad, written communication), closing the highway for about 25 hours. Fortunately, little permanent damage to public or private property and no injuries or fatalities resulted from any of the flows.
On the south flank of Mount Parnassus the flows initiated as rills on steep, nonvegetated slopes above tree line (figs.12a, b, and c). The matrix of colluvium at the head of the largest rill contained 84 percent sand-sized material, 8 percent siltsized material, and 8 percent clay-sized material (Godt and Coe, in press ). Clasts made up about 50 percent of the colluvium. As the debris flow(s) progressed downslope, it eroded material from the channel. Parts of the channel were incised several meters by the flow (figs. 12d, e, f, g). Material eroded from the channel included deposits of layered, sandy-silt ( fig. 12d) , as well as, matrix-supported deposits containing sub-angular to sub-rounded boulders ( fig. 12d ). The matrix of the flow became finer-grained as it progressed downslope. The matrix of the deposit on I-70 ( fig. 12h ) contained 69 percent sand-sized material, 24 percent silt-sized material, and 7 percent clay-sized material. Clasts made up about 70 percent of the deposit on I-70 and were larger and more rounded than those in the colluvium at the source area (compare fig. 12b with fig. 12h ). An analysis of superelevation of debris-flow levees (see Costa, 1984 for description of the method) at a bend in the channel of Watrous Gulch directly above I-70 (figs. 12f and 12g) indicated a velocity for the Watrous Gulch debris flow of 9.7 m/s. This compares favorably with video footage shot of the debrisflow from I-70 (Denver television station "News4" footage).
The debris flow in Watrous Gulch, as well as a debris flow in the gulch directly east of Watrous Gulch (Latitude: N 39º 42' 04.7", Longitude: W 105º 50' 14.5", Elevation: 2,846 m (9,336 ft), exposed fan stratigraphy containing a record of past debris flows ( fig. 13 ). This stratigraphy indicates that the mean recurrence intervals for debris flows in Watrous Gulch, and the gulch to the east, are about 3,000 years and 300 years, respectively ( fig. 13 and fig. 2 ). The Melton's numbers of the basins are 0.48 and 1.1, respectively ( fig. 2) . The negative correlation between Melton's number and mean recurrence interval at these two basins fits the overall pattern for the corridor as a whole, that is, fans at the mouths of basins with larger Melton's numbers have shorter debris-flow recurrence intervals than fans at the mouths of basins with smaller Melton's numbers ( fig. 2) . The estimated probabilities of future debris-flow events are about 2 percent in any given 50-year period for the fan at the mouth of Watrous Gulch, and about 15 percent in any given 50-year period for the fan at the mouth of the gulch to the east of Watrous Gluch (see table 1). Additionally, the fan stratigraphy at the mouths of the two gulches also suggests that there was at least one previous debris-flow event (between 720 and 930 cal BP) that affected both fans ( fig. 13 ).
Proceed west on I-70. (Henceroth, 2000) . Most of the damage was related to clogged culverts that forced the Snake River out of its channel.
Debris flows in and near the ski area were initiated by two different processes, soil-slip processes and fire-hose processes (Godt and Coe, in review) . Flows were mobilized from soil slips on steep, tundra-covered slopes ( fig. 14) , and were mobilized by fire-hose processes on steep, non-vegetated, bedrock slopes with footslope talus (fig. 16 ). The debris flow that closed U.S. Highway 6 and the upper Arapahoe Basin parking lot ( fig. 15 ) was a composite flow that contained material from both types of processes. The soil-slip variety of debris flows are well studied in different parts of the U.S., but to our knowledge, have not been previously documented in the alpine zone of the U.S. In more temperate parts of the U.S. (for example, the San Francisco Bay area and the Appalachian Mountains), soil-slip debris flows have been described as being caused by a decrease in effective normal stress in hillslope colluvium which leads a reduction in strength and failure (according to Terzaghi's effective stress law, Lamb and Whitman, 1969) . The decrease in normal stress is typically attributed to the infiltration of surface water or the perching of a shallow water table (Campbell, 1975; Reid and others, 1988; Iverson and others, 1997) . Near Arapahoe Basin, the soil-slip debris flows initiated in colluvium with a thin A soil horizon ( fig. 14) . The matrix of colluvium exposed at the headscarp of the largest soil slip ( fig. 14b ) is composed of 61 percent sand-sized material, 31 percent siltsized material, and 8 percent clay-sized material (Godt and Coe, in press ). The basal slip surface of the soil slips was typically 1-2 meters below the ground surface but still within the colluvium, and not at the boundary between colluvium and bedrock as frequently described for soil slips in other areas. The flows deposited poorly sorted, matrix supported levees and lobes ( fig. 14) . The matrix of the levee deposit shown in figure 14c is composed of 59 percent sand-sized material, 31 percent silt-sized material, and 10 percent clay-sized material (Godt and Coe, in press ).
The soil-slip debris flow shown in figure 14 was reported by Mark Atkins of the Asphalt Paving Company to have failed on July 29, 1999, one day after the rainstorm. This observation suggests that the decrease in effective normal stress that caused the soil slip to fail may have resulted from slow, topographically forced convergence of flow, rather than the infiltration of rainfall. The position of the soil slip in a channel ( fig. 14a ) makes such a mechanism possible.
The fire-hose variety of debris flows have been documented in many parts of the US (Fryxell and Horberg, 1943; White, 1981, Johnson and Rodine, 1984; Coe and others, 1997b) , including Colorado (Curry, 1966) , but are generally not considered as common as soil-slip debris flows. Fire-hose debris flows are generally described as being caused by the mobilization of material when it is impacted by the concentrated flow of water. Near Arapahoe Basin, the hillslope morphology is favorable to fire-hose debris flows because it is characterized by steep, bare or nearly bare, bedrock (Tertiary quartz monzonite, Bryant and others, 1981) slopes that collect and concentrate snowmelt or rainfall into channels or couloirs ( fig. 16a, b and c). The July 1999 debris flows occurred when intense rainfall was concentrated in the couloirs, flowed down the slopes, and impacted footslope talus deposits (Godt and Coe, in review) . Debris flows were mobilized from the footslope talus, deep gullies were eroded into the heads of the talus deposits ( fig.16b , c, and d), and debris-flow levees and fans were formed downslope ( fig. 16d , e, f, and g). In some locations, debris was transported over gentle to moderately sloping tundra surfaces (without incision into the surfaces) and deposited as levees and lobes up to several meters thick ( fig. 16e ). The matrix of the debris-flow deposits (fans and levees, 1 sample each) is composed of 67-73 percent sand-sized material, 23-25 percent silt-sized material, and 2-10 percent clay-sized material (Godt and Coe, in press ).
The debris flows may have long-term implications for snow avalanche and rockfall hazards on and below steep slopes, particularly within the Arapahoe Basin ski area. Many of the debris flows initiated from source areas that are snow avalanche starting zones (Henceroth, 2000) . The debris flows altered avalanche paths by eroding new channels and filling wetlands. Because snowfall between 2000 and 2002 has been at or below average (Arapahoe Basin ski area, unpublished data), the effect that the altered avalanche paths will have on avalanche hazards and ski area operations is not yet fully known. Additionally, an abundance of recent rockfall activity in debris-flow source areas (Henceroth, 2000) indicates that some of these areas are now more susceptible to rockfall hazards than they were before July 1999.
End of field trip.
